We extend the new concept of nonlocalized clustering to the nucleus 10 Be with proton number Z=4 and neutron number N=6 (N=Z+2). The Tohsaki-Horiuchi-Schuck-Röpke (THSR) wave function is formulated for the description of different structures of 10 Be. Physical properties such as energy spectrum and root-mean-square radii are calculated for the first two 0 + states and corresponding rotational bands. With only one single THSR wave function, the calculated results show good agreement with other models and experimental values. We apply, for the first time, the THSR wave function on the chain orbit (σ-orbit) structure in the 0 + 2 state of 10 Be. The ring orbit (π-orbit) and σ-orbit structures are further illustrated by calculating the density distribution of the valence neutrons. We also investigate the dynamics of α-clusters and the correlations of two valence neutrons in 10 Be.
I. INTRODUCTION
Cluster formation plays a fundamental role in understanding the structure and properties of nuclei. In recent years, tremendous progress has been made in the investigation of cluster structure in light nuclei [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , especially due to the model wave function with nonlocalized clustering concept, namely the THSR wave function [1] [2] [3] [4] [5] [6] [7] [8] . The THSR wave function was first proposed to describe the α-cluster condensation in gas-like states, including the famous Hoyle state (0 + 2 state) in 12 C [1] . Then it was successfully applied to various other aggregates of α-clusters such as 8 Be, 16 O, 20 Ne [1] [2] [3] , and also to one-dimensional chain systems [5] . It was found that one single THSR wave function is almost 100% equivalent to the RGM/GCM (Resonating Group Method/Generator Coordinate Method) wave functions for both gas-like and non-gaslike states. In the recent studies of inversion-doublet-bands of 20 Ne [6, 7] , the nonlocalized character of clustering rooted in the THSR wave function is proved to be a very important property for clustering structure in light nuclei. Therefore it is very necessary to investigate the nonlocalized cluster dynamics in other different nuclear systems.
In recent years, there are also investigations using the THSR wave function and its intrinsic container structure for nuclei beyond traditional α aggregates. This starts with the calculation of 13 C with a neutron probe interacting with the 3α-condensation [14] . Also, in this year, the 2α+Λ system is investigated with Hyper-THSR wave function, which shows the essential role of the container picture for the cluster structure in 9 Λ Be [15] . In our previous work, the THSR wave function is constructed with intrinsic negative parity and applied in the calculation of nucleus 9 Be with proton number Z=4 and neutron number N=5 (N=Z+1) [8] . In this study, the nonlocalized clustering concept is shown to prevail in the π-orbit for 9 Be.
In order to apply the nonlocalized clustering concept to more general nuclei, it is very interesting to extend the THSR wave function to the investigation of the N=Z+2 cluster nucleus 10 Be in which one more valence neutron is added to the 9 Be system. The nucleus 10 Be is well-known for its typical nuclear molecular orbit structure, and has been studied with many different models [16] [17] [18] [19] [20] [21] [22] [23] . The 0 + 2 state of 10 Be is considered to be an intruder state which is difficult to be described by simple shell model methods [19] . Besides, a chain structure with σ-binding and enormous spatial extension is found in this 0 + 2 state [17, 18] . Another interesting topic for the N=Z+2 nucleus 10 Be is the correlation between valence neutrons [20] . Recently, predictions of the 0 and its σ-orbit structure. In Section V, we discuss the α-cluster dynamics and correlations between valence neutrons in these states. The last Section VI contains the conclusions.
II. FORMULATION OF THE THSR WAVE FUNCTION FOR 10 Be
We first introduce the THSR wave function of 10 Be for the π-orbit binding structure of the two valence neutrons without considering their correlations, as shown in the left panel of Fig. 1 . This wave function, designated as the independent THSR wave function |Φ ind , can simply be constructed with the same form as used for 9 Be in our previous work [8] ,
where C † α and c † n are creation operators of α-clusters and valence neutrons, respectively. The α-creator C † α determines the dynamics of the α-clusters and can be written as
where R is the generate coordinate of the α-cluster, r i is the position of the ith nucleon. For the valence neutrons, we use the same creation operator c † n as in our previous study of
where R n is the generate coordinator of the valence neutrons, r n is the position of the extra neutron, a † σ,τ (r n ) is the creation operator of the extra neutron with spin σ at position r n , and φ Rn is the azimuthal angle in spherical coordinates (R Rn , θ Rn , φ Rn ) of R n . In this creation operator, the size parameter b of the Gaussian is taken to be the same as that in Eq. (2). In Eq. (1), the valence neutrons are assumed to move freely and independently of each other. However, dineutron correlations play an important role for nuclei with two valence nucleons such as 6 He and 10 Be, as discussed previously in Ref. [20] . The introduction of correlations in the THSR wave function is very natural, because the original THSR wave function of α-aggregates describes very well the α-α correlations, especially in Refs. [6, 7] .
Thus, we can describe the correlation of two valence neutrons in the two-neutron sub-system with a new THSR integration analogously to what we used for two α-clusters.
As shown in the right panel of Fig. 1 , two valence neutrons can form a correlated subsystem. The relative position of the valence neutrons in this sub-system is labeled by the generator coordinate R n , while the position of the correlated sub-system can be described by the generator coordinate R pair . Thus the generator coordinate for the valence neutrons should be R pair + R n . With these generator coordinates, we can write the THSR wave function with dineutron correlation in 10 Be as
where c † pair is the creation operator for the dineutron pair, which can be denoted as
This integration of R pair determines the collective motion of the two-neutron sub-system. 
This integration of R n determines the relative motion of two valence neutrons inside the two-neutron sub-system. β n,xy and β n,z are parameters for this relative motion, which is shown as small solid ellipse in the right panel of Fig. 1 .
As illustrated in Ref. [8] , the phase factor e imφ Rn in Eq. (3) with parameter m = ±1
ensures negative parity for the single nucleon wave function of the valence neutron. The same argument can also be applied to the phase factor e imφ(R pair +Rn) in Eq. (6) . Besides, when m = 0, only Gaussian functions are left in the creation operators in Eq. (3) or Eq. (6), what corresponds to a positive parity for the valence neutrons. Therefore, we have the total parity of 10 Be as
For the 0 + 2 state of 10 Be, it is already known that this state has a very typical chain structure because of the σ-binding mechanism [17, 24] . In this structure, valence neutrons stay between or outside of two α-clusters along the α-α chain. For this state, we construct the one-dimensional constrained THSR wave function for independent neutrons
Here the α-creation operator C † α is similar to Eq. (2) but operates only on the z-axis,
where R is the generate coordinate of the α-cluster on the z-axis and r i is the position of the ith nucleon. For the valence neutrons, a creation operator with a node structure is constructed for the correct description of the σ-orbits, as
Here, R n is the generate coordinate of the valence neutron on the z-axis and r n is the position of the valence neutron. We introduce a new factor (D − |R n,z |) in this THSR integration to provide a node structure for the wave function of the valence neutrons. Two nodes appear in the wave function when R n,z = ±D, which are locations near the α-clusters.
As a demonstration, we choose parameter D = 2 fm and β n,z = 5 fm, and show the single nucleon wave function φ n (z) for valence neutron in Fig. 2 . It is clearly seen in the figure that the wave function φ n (z) has a different sign between the mid-region and two flanks.
Also, two nodes appear near z = 2 fm as expected. In our calculation, the parameter D is treated as a variational parameter to obtain a correct node position for the wave function
It is obvious that Eq. (9) and Eq. (10) contain only even functions, so the corresponding parity in this wave function is given by,
In order to eliminate effects from spurious center-of-mass (c.o.m.) motion, the c.o.m. part of |Φ is projected onto a (0s) state [25] . We use the following transformation of coordinates 
Here (0s) represents the wave function of the c.o.m. coordinate X G in s-state, and the double brackets denotes the integration with respect to coordinate X G . We also apply the angular-momentum projection techniqueP J M K |Ψ to restore the rotational symmetry [26] ,
where J is the total angular momentum of 10 Be.
The Hamiltonian of the 10 Be system can be written as
where T c.m. is the kinetic energy of the center-of-mass motion. Volkov No. 2 [27] is used as the central force of the nucleon-nucleon potential, potential with three ranges) term is taken as the two-body type spin-orbit interaction [28] , We investigate the ground state 0 spin down for the other. This is to ensure parallel coupling of spin and the orbital angular momentum for both neutrons as we used in previous investigations [8] . The optimum variational parameters for the independent THSR wave function are β α,xy = 0.1 fm, β α,z = 2.0 fm, β n,xy = 2.0 fm and β n,z = 3.5 fm. For the correlated THSR wave function, the optimum variational parameters are β α,xy = 0.1 fm, β α,z = 2.2 fm, β pair,xy = 0.8 fm, β pair,z = 1.8 fm, β n,xy = 2.0 fm and β n,z = 2.7 fm.
In Table I works. These differences originate from the choice of effective potentials.
From these results, we can also notice that the binding energy of the ground state is improved by about 0.2 MeV by the introduction of the valence neutron correlation in the THSR wave function. This improvement shows the correlation effect of the valence neutrons in the ground state, as we will discuss later in Section V.
In our present calculation, the ansatz of Gaussians (multiplied by factors) is used for the valence neutron in the THSR wave functions. In the future, we will discuss more general form of the THSR wave function for a better optimized description of the valence neutrons. We show in Fig. 3 the energy spectrum of the 0 with the value 2.5 fm from Ref. [21] , but slightly larger than the value 2.37 fm from Ref. [20] and the experimental value 2.30 fm. This small difference originates from the slightly weaker binding effect described by only one single THSR wave function, as discussed above.
The density distribution ρ(r 
where A is the antisymmetrizer and C is a normalization constant. Then the density distribution ρ(r ′ ) of the valence neutrons is defined as
where N c is the normalization constant [30] . As shown in Fig. 4 , the density distribution of two valence neutrons has the same shape as the one which we obtained for the ground state 9 Be [8] with only a single valence neutron. The extension of the density distribution in the zdirection and the absence of neutrons along the z-axis shows a good description of the π-orbit in the ground state of 10 Be as suggested by nuclear molecular orbit (MO) model [16, 17] .
This reproduction of π-orbit structure is obtained naturally from the antisymmetrization in the THSR wave function which cancels non-physical distribution of valence neutrons, e.g.
positions close to the center of α-clusters. In this section we study the 0 [21] is the value calculated with the AMD+DC method [21] . The one labeled with Ref. [29] is the value calculated with the β − γ constrained AMD+GCM method [29] . The dashed lines are the corresponding α + α + n + n thresholds of -55.2 MeV.
We also calculate the root-mean-square radius for the 0 is the large α-cluster distribution as discussed in the next section.
V. ANALYSIS OF CLUSTER DYNAMICS AND DINEUTRON CORRELATIONS
In this section, we discuss the dynamics of the α-clusters and the valence neutrons. The THSR wave function is based on the nonlocalized concept of cluster dynamics which describes the α-cluster motion by a Gaussian style THSR integration of generator coordinates as in Eq. (2) nonlocalized cluster motion, it is clear that the α-particles are much more tightly bound by the π−orbit than by the σ-orbit. The π-binding effect in the ground state of 10 Be is also stronger than that in the ground state of 9 Be, where the optimum parameter for α-cluster is β α,z = 4.2 fm [8] .
Another interesting problem is the dineutron correlation effect in the 10 Be nucleus. With the correlated THSR wave function, we calculate the contour map of the binding energy surface for the ground state of 10 Be as shown in Fig. 7 . For simplicity, we fix the deformation between x, y and z directions to be 0. The optimum binding energy locates near the coordinates (1.5, 2.0), where β pair,xy = β pair,z = 1.5 fm and β n,xy = β n,z = 2.0 fm. This optimum value is slightly higher than the final result of -58.2 MeV because deformation is neglected here. When β pair = 0, the center of the two-neutron sub-system is fixed at the origin of coordinates, and the correlated THSR wave function turns to become an independent one for the two neutrons. Thus, the optimum value of parameter β n > 0 shows the existence of correlation effects in the ground state, as discussed above. Large distance between the two neutrons in the dineutron pair can be concluded because of the big value of the parameter β n . The relatively small value of the parameter β pair describes the collective motion of the two-neutron sub-system. We also study the correlation of the two valence neutrons in the 0 
VI. CONCLUSION
We investigated the N=Z+2 nucleus 10 Be from the nonlocalized clustering concept. THSR wave functions with π-orbit structure and chain (σ-orbit) structure are formulated for 10 Be.
Correct parity and node structures are ensured in THSR wave functions for the correspond- Carlo technique requires less numerical work than the traditional GCM treatment. Also, the THSR wave function used in this work illustrates more physical insights of the 10 Be nucleus.
In the future, this scheme based on nonlocalized concept is also promising for the study of neutron-rich nuclei with cluster structures and the investigations of their corresponding cluster and nucleon dynamics.
